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O < 57 ) Abstract: A microelectronic programmable structure and methods of forming and programming the structure are disclosed. 
J> The programmable structure generally include an ion conductor (140) and a plurality of electrodes (160, 120). Electrical properties 
^\ of structure may be alleied by applying a bias across the electrodes, and thus information may be stored using the structure. 
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AND METHODS OFimiRMlNG AND tRO'GKAMMDW SAMte 

The present invention generally jrclaies to microciectronic devices. More 
particularly, the invention relates to prograrnmabie miefoelectronic structures suhable for 
use in integrated circuits. 

fiACKGRt>lJND OP Tfife mvftNTrON 
Memory devices are often used in dectrbnic systems and computers to store 
irtformition in tie form of binary data. These memory devices may be characterized into 
varidus types, each type having associated with it various advantages and dfeaoVantages. 

For example, random access memory ("RAM") which may be found in personal 
computers is typically volatile semiconductor memory; in other words, the stored data is lost 
15 if the power source is disconnected or removed. Dynamic RAM ("DRAM") is particularly 
Volatile in that it must be "refreshed" (/.*, recharged) every few niicroseconds in order to 
maintain the stored data. Static RAM fSRAM") will hold the data after one writing so Jong 
as the power source is maintained; once the power source is disconnected, however, the data 
Is lost Thus, in these volatile memory configurations, information is only retained so long 
as the power to the system is not turned off. In general, these RAM devices can take up 
significant chip area and fcerefore may be expensive to manufacture and consume relatively 
large amounts of energy for data storage. Accordingly, improved memory devices suitable 
for use in personal computers and the hie are desirable. 

Other storage devices such as magnetic storage devices floppy disks, hard disks 
and magnetic tape) as well as other systems, such as optical disks, diVRW and Etyi^RW 
are ^volatile, have extrernely high capacity, and can be reWten many times. 
Onfctftnnately, these memory devices are physically large, are shock/vtotion-serjsitrve^ 
require expensive mechanical drives, and may consume relatively large amounts of power; 
These negative aspects make such memory devices non-ideal for low power portable 
applications such as lap-top and pafm-top computers, personal digital assistants ("FDAs"), 
and the like. 

Due, at least in part, to a rapidly growing numbers of compact, low-power portable 
computer systems in which stored information changes regularly, low energy read/write 



semiconductor merries have become increasingly derfratle ancTTOdesfread. Furthennore, 
becattse ifc^ require data storage when the poiver is turned 0$ iirav 

volatile stofage device are desired fox use m sucl^stems. 

One type of progfanmiaMe semiconductor nonvolatile memory device suitable for 
5 usbin^cn^steimi^ 

PilOH a ^vrile-once r ead-miany ^OMT) device, uses an array of fosibJe links. Once 
prograntae^tneW 

Other forms of PRCSM devices include erasable ?ROM (^ROM") and electricafly 
erasable Mtt>M (^BPROM) devices, which are alterable after an initial progrannning. 
10 EPROM devices genendty require all erase step involving exposure to ultra violet fight prior 
to programming the device. Thus, such devices are generally not well suited for use in 
portable electronic devices. EEi*ROM devices are generally easier to program, but suffer 
from other deficiencies. In particular, EEPROM devices are relatively complex, are 
relatively difficult to n^facture, and are relatively large. fl>rtbermore, a circuit mchiding 
15 EEMtOM deuces must withstand the high voltages necessary to program the device. 
Consequently, EEPROM cost per bit of memory capacity is extremely high compared with 
other means of data storage. Another disadvantage of EEPROM devices is that, although 
they can retain data without having the power source connected, they require relatively large 
amounts of power td program. This power drain can be considerable in a compact portable 
20 system powered by:a battery. 

In view of the various problems associated with conventional data storage devices 
described above, a relatively non-volatile, programmable device which is relatively simple 
and mexrxmsive to produce is desked. Furthermore, this memory technology should meet 
the requirements of the i new generation of portable computer devices by oj>eratmg at a 
25 V relatfr^ 

SUMMARY OP THE i>TVHhrno>l 
The present invention provides improved microelectronic devices for use in 
integrated circuits. More particularly, the invention provides relatively non-volatile, 
30 programmable devices suitable for memory and other integrated circuits. 

The ways in which the present invention addresses various dr awbacks of now-known 
programmable devices are discussed in greater detail below. However, in general, the 
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pfre&ent invention provides a prognmimibie device that is idatfvely es&y Snd intocptt^b ti> 
maAiftctoe; and wJiici isrd^tiydy easy topiogikit 

Li accordabcb with one exemplary embodiment of the present nrventioii, a 
progradmabie sfructure includes an ion conductor and at least two electrodes. The stractore 
5 is configured Such that when a bias is applied across two electrodes* one or more electrical 
prbperdesofthestnKturechaBsa In accordance with one aspect of this embc^ent, a 
rerastance across the structure changes when a bias is applied across the electrodes. In 
afrsordance with other aspects of this embodiment, a capacitance or other electrical property 
of the structoe cfttoges Qneormoreof 
10 these electrical changes may suitably be detected Thus, stored inftoination may be retrieved 
from a circuit including the structure. 

In accordance with another exemplary embodiment of the mventioii, a programmable 
^cture includes an ion conductor, at least two electrodes, and a barrier interposed between 
at least a portion of one of the electrodes and the ion conductor. In accordance with one 
iS aspect of this embodiment the barrier material includes a material configured to reduce 
diffiiMbn of ions between the ion conductor and at least one dectrode. The diffusion barrier 
may also serve to prevent undesired eiectrodepbsh growth within a portion of the structure. 
In accordance with, another aspect, the barrier material includes an insulating material. 
Inclusion of an inflating material increases the voltage required to reduce the resistance of 
20 the device. In accordance with yet another aspect of this embodiment, the barrier includes 
material that conducts ions, but which is relatively resistant to the conduction of electrons. 
Use of .^ch material may reduce 
stability of the device. 

In aecoirdance with another exemplary eml>ribmeiit of the invention, a programmable 
':2S " imcfc^e^ on a surface of a subirtrate by formirig a first decfrode on 

the ^biftrate, de>>sKing a layer of ion conductor material over the fir^t dectrode, and 
depositing conductive material onto the ion conductor material. In accordance with one 
aipect of this embodiment, a solid solution including the ion conductor and excess 
conductive material is formed by dissolving (e.&, via tliermal and/or photodissolution) a 
30 portion of the conductive material in the ion conductor. In accordance with a further aspect, 
only a portion of the conductive material is dissolved, such that a portion of the conductive 
material remain* on a surface of the ion conductor to form an electrode on a surface of the 
ibn conductor material. 
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In aceordahxe with another etabomriierit of mepreWinveimon, at feast a portion of 
: a progiaihmable structure is formed within a tbrongh-hole or via in an insnlating material 
In accordance with one aspect of this embodiment, a first electrode feature is formed on a 
surface of a substrate, insulating material is deposited onto a surface of the electrode featore, 
5 avkisformeawithm^m^^ tftoe programmable strttctareis 

formed wMmithe via. After the via is formed within the msmating m^erial, a portion of the 
strocture within the via is formed by debiting an ion conductive material onto the 
cor^ctrvemataial, depositing a second electrode material onto the ion conductive material, 
and, if desired, removing any excess electrode, ion conductor, and/or insulating material. In 
10 accordance with another aspect of this embodimenl, only the ion conductor is formed within 
tie via. In this case, a first electrode is formed below the insulating materia) an in contact 
With the ion conmidtor, and the sefcond electrode is formed above the insulating material and 
in contact with the ion conductor. The configuration of the via may be changed to alter (e.g., 
reduce) a contaet area between one of more of the electrodes and the ion conductor. 
Redocmg the cross-secti<mal area of the interface between the ion conductor and the 
electrode itoeases the efficiency of the device (change in electrical property per amount of 
power supplied to the device). In accordance with another aspect of this embodiment, the 
via may extend through the lower electrode to reduce the interface area, between the 
electrode and the ion conductor. In accordance with yet another aspect of this embodiment, 
a portion of the ion conductor may be removed from the via or the ion conductor material 
may be directiohally deposited into only a portion of the via to further reduce an interface 
between an electrode and the ion conductor. 

In accordance with another embodiment of the invention, a programmable device 
may be formed on a surface of a substrate. 
£ _ . In aecofitonce with a further exemplary embodiment of the hrventioh, multiple bits of 
information fife stared hi a single programmable Strocta^ 

tl& embodiment, a pwgriunmable strocture includes a floating electrode intaposed between 
two additional electrodes. 

In accordance with yet another embodiment of the invention, multiple programmable 
device arb coupled together using a common electrode (e.g., a common anode or a common 
Cathode} 

In accordance with yet another embodiment of the invention, multiple programmable 
devices share a common electrode. 



In accordance* with yet a further exemplary ejmboduneBt of tie pr esent inveation, a 
capacka^ of a programmable structure is altered by causing ions iwtJhin an ion conductor 



5 BRIEF DtaCR lPTION OV THE DRAWING 

A more complete understanding of the present invention may be derived bf referring 
to the detailed description and dairns, considered in connection with the figures, wherein 
fib reference numbers refer to similar dements throughout the figures, and: 

Figure 1 is a cross-sectional illustration of a prograrnrnable structure formed on a 
10 surfecfe of a substrate in accordance 1vith the present invention; 
Figure 2 is a cros>sectional illustration^ 
with an afternative embodiment of the present invention; 

Kjgure: 3 is a current-voltage diagram illustrating current and voltage characteristics 
of the device illustrated in Figure 2 in an "on" and "off' state; 
i 5 Pigore 4 is a cross-sectional illustration of a programmable structure in accordance 

with yet another embwtiinent of the present invention; 

Figure 5 is a schematic iltostratibn of a portion of a memory device in accordance 
^vith an exemplary embodiment of the present invention; 

Figure 6 is a schematic illustration of a portion of a memory device in accordance 
20 ^^aheniativeembodim 

Figures 7 and 8 are a cross-sectional illustration of a programmable stnic^ 
anion conte^ 

accordance with another embodiment of the present invention; 

Figures 9 and 10 are a cross-sectional illustrations of a programmable structure 
25 havihg ^ contact mterface formed about a perimeter of the ion 

K&fres 11 arid 12 illustrate aproferaminable device having a horizontal configuration 
in accordance with the present invention; 

Figures 13-19 illustrate programmable device structures with reduced eJectrodc/ion 
30 conductor interface surface area in accordance with the present invention; 

Figure 20. illustrates a programmable device with a tapered ion conductor in 
accordance with the present invention; 
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ftgures 21-24 illustrate a fiogrammable device including a floating electrode m 
acfcoriJanee with the present invention; and 

Figures 25-29 nhistrate common electrode programmable device structures in 
accordance with the present invention 

Skilled artisans will appreciate that dements in the figures are illustrated for 
. shnph% and clarity and have net necessarily been drawn to scale. For example, the 
altfehsiohs of some of the elements in the figures may be exaggerated relative to other 
elements to help to improve understanding of embodiments of the present invention 

PftTAW Jftn ftFSCftipnftN op exemmarv KMfeftoTMnNT jg 
The present invention generally relates to Jnicroelectronic devices. More 
f, the invention relates to programmable structures or devices suitable for various 
integrated circuit applications. 

Figures 1 and 2 illustrate programmable microelectronic structures 100 and 200 
formed on a surface of a substrate 1 10 in accordance with an exemplary embodiment of the 
pre&nt invention. Structures 100 and 200 include electrodes 120 and 130, an ion conductor 
i 40, and optionally include buffer or barrier layers 1 55 and/or 255. 

Generally, structures 1 00 and 200 are configured such that when a bias greater than a 
ikfeshold voltage (V T ), discussed in more detail below, is applied across electrodes 120 and 
130, the electrical properties Of structure 100 change. For example, in accordance with one 
embodiment of the invention, as a voltage V ;> V T is applied across electrodes 120 and 130, 
fcmduttive ions Within ion conductor 140 begin to migrate and form an electrodeposit {eg., 
elecuo^epOsit 160) at or near the more negative of electrodes 120 and 130; such an 
ele^odep^ however, is hot required to practice the present inVentioit The term 
Jele^eposff* as used herein means any area, within tie ion conductor that has an 
intteased conation of reduced metal or oth^r conductive material compared to the 
concentration of such material in the bulk ion conductor material As the electrodeposit 
forms, the resistance between electrodes 120 and 130 decreases, and other electrical 
properties may also change. In the absence of any insulating barriers, which are discussed in 
more detail below, the threshold voltage required to grow the electrodeposit from one 
electrode toward the other and thereby significantly reduce the resistance of the device is 
approximately the redox potential of the system, typically a few hundred milhvohs. If the 
same voltage is applied in reverse, the electrodeposit will dissolve back into the ion 
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cohductbr aid the device will return to a high resistance state* In accordance with other 
embodiments of the invention, application of an electric field between electrpdes 120 and 
130 may cause ions dissolved ivhhin conductor 140 to migrate and thus cause a change in 
the electrical properties of device 100, without the formation of an electrodeposit Stroctores 
and 200 may be used to store information and thus may be used in memory circuits. For 
example, structure 100 or other programmable structures in accordance with the present 
invention may suitably be used in memory devices to replace DRAM, SRAM, PROH 
fiP&OM, or EEPROM devices. In addition, programmable structures of the present 
invention may be used for oTher apphcations where progranmimg or changing of electrical 
properties df a portion of an electrical circuit are desired. 

Substrate 110 may include any suitable material. For example, substrate 110 may 
include seinicdncmctrve, conductive, semiinsuiative, insulative material, or any combination 
of such materials. In accordance with one embodiment of the invention, substrate 110 
includes an insulating material 112 and a portion 114 including microelectromc devices 
formed on a semiconductor substrate. Layers 1 12 and 114 may be separated by additional 
layers (not shown) such a^ for example, layers typically used to form integrated circuits. 
Because me programmable structures can be formed over insulating or other materials, the 
programmable structures of the present invention are particularly well suited for applications 
where substrate (e.g., semiconductor material) space is a prenmmx 

Electrodes 120 and 130 may be formed of any suitable conductive material. For 
example, electrodes 120 and 130 may be formed of doped poly sihcon material or metal. 

In accordance with one exemplary embodiment of the invention, one of electrodes 
120 and 130 is formed of a material including a metal that dissolves in ion conductor 140 
^hen a sufficient bias (V 2> Vt) is applied across the electrodes (oxidizable electrode) and 
't& . other; electfc^e is rejatively inert and does not dissolve o^g operation of the 
fro^ammabje deWce (an ^different electrode). For example, electrode 120 may be an 
anode during a write process and be comprised of a material including silver that dissolves in 
ion conductor 140 and electrode 130 may be a cathode during the write process and be 
cornprised of ah inert material such as tungsten, nickel, molybdenum, platinum, metal 
silicides, and the like. liaving at least one electrode formed of a material including a metal 
vtfuch dissolves in ion conductor 140 facilitates mamtaining a desired dissolved metal 
concentration within ion conductor 140, which in turn facilitates rapid and stable 
electrodeposh 160 formation within ion conductor 140 or other electrical property change 
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' crairmg use 6f kroefere 10O and/or 200. Itathermbre, use of an inert material for the other 
electifo^e '(cAffibcte daring a write operation) facilitates dectrodissolirtion of any 
; . ele*6^epoiit (hat may have formed and/or return of the programmable device to an erased 
\ State after aj^hcatidn of a sufficient voltage; 

i ;. Burirtg an erase Operation, dissolution of any eJectrodeposit that may have formed 

;:;:jj^W^8fy;>egi^ at or near the oxidizable dectrode/eJectrodepoSit interface. Initial 
dissolution of trie eJectrodepdsit at the oxidizable electrode/electrodepbsit interface may be 
facilitated by forming structure 100 such that the resistance of the at the oxidizable 
electrbde/d^^ interface is greater than the resistance at any other point along the 

electrodeposhv parti£»ilarly, the interface between the electrodeposit and the mdifTerent 
electrode. 

Cm%waytoa^eVe 

elelSrode of relatively inert, non^xidizmg material such as platiinim^ Use of such material 
reduces ^ form^on of oxides at the interface. between ion conductor 140 and the indifferent 
15: electrode as well as the formation of compounds or mixtures of the electrode material and 
join conductor 140 material, which typically have a hijgher resistance than ion conductor 140 
or electrode material, 

Relatively low resistance at the indifferent electrode may also be obtained by 
forming a oarrier layer between the oxidizable electrode (anode during a write ojperationX 
Wlierein the barrier layer is forindd of material having a relatively high resistance. 
Exemplary high resistance materials include layers (e.g., layer 1 55 and/or layer 255) of ion 
conuSicting inateiial (e^;, Ag»0, Ag,S, Ag^e, Ag»Te, where x 2> 2, Ag,!, where x k 1, 
Gol^CoO, CuS> CuSe, Cute, GeC^, or S1O2) interposed between ion conductor 140 and a 
: itfetal layer such as silver. Some of these materials have additional benefits as discussed in 

^ Reliable grtrtvtii and dissolution of an electr6del>osit Can also be facilitated by 
providing a rbVighened indiflerent electrode surface (e.g., a root mean square roughness of 
greater than, about 1 nin) at the electrode/ion conductor interface. The roughened surface 
; may be formed by mampulating film deposition parameters and/or by etching a portion of 
one of the electrode of ion conductor surfaces. During a write operation, relatively high 
electrical fields form about the spikes or peaks of the roughened surface, and thus the 
electrodeposits are more likely to form about the spikes or peaks. As a result, .more reliable 
and uniform changes in electrical properties for an applied voltage across electrodes 120 and 
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• 13& riia> \k obtained by providing a roughed interface between tie ^different electrode 
V (cathode dfi^iig a write operation) and ion conductor 140. 
O^dkabie^ 

into ion conductor 140; particularly during fabrication and/ox operation of structure 100. 
5 Ifettonald^ 

thus rediicb ite f&toge of an electrical property during use of structure 100. 
Tdf/ecracSuridesife^ 

v arid m a^ embodiment of the invention, the oxidizable electrode 

• mc^deS a ^ in a transition metal sulfide or setenide material such as 

\ 10 AJMBz)^ ^vhere A i* Ag or Co, B is S or Se> M is a transition metal such as Ta, V, and Ti, 
and x ranges rrorn aboirt 0J to abont 0.7. The intercalated material mitigates undesired 
tterrnal diffusion of the metal (Ag or Cu) into the ion conductor mdteri4 while allowing the 
metal to participate in the dectrodej>osit growth upon application of a sufficient voltage 
across electrodes 120 and 130. For example, whetf silver in intercalated into a TaS* film, the 
B: Ta^i film cala metode up to about 66.8 atomic percent silver. The A x (MB 2 )i- 1 material is 
preferably amorphous to prevent to prevent undesired diiSusion of the metal though the 
material. The amorphous material may be formed by, for example; physical vapor 
deposition of a target Material wnmrising A^MB^),.,; 

a-Agj is another suitable material for the oxidizable electrode, as well as the 
26 indirfoeiit ejectrbde. Similar to the A^Mfy)^ material discussed above, o-Agl can serve 
as . a source of Ag dnrmg 100— e:g, upon application of a sufficient 
bias, but the silver in the Agl material does not readily thermally diffuse into ion conductor 
140. Agl has a relatively low activation energy for conduction of electricity and does not 
. require doping to ac&teve? relatively high conductivity. When the oxicuzable electrode is 
h of silver in the Agl layer rhay arise during Operation of structure 

: v 100, ultifcsis excess sir^Er & prbvided to the electrode. One way to provide the excess silver 
is to fdim a silver layer adjacent the AgJ layer as cfiscossed above when Agl is used as a 
buffer layer. The Agl layer (e:g., layer 155 and/or 25$) reduces thermal difiusion of Ag into 
ion conductor 140, but does not significantly affect conduction of Ag during operation of 
30 structure 100. In addition, use of Agl increases the operational efficiency of structure 100 
because the Agl mitigates non-Faradaic conduction (conduction of electrons that do not 
participate in the electredbemical reaction). 
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6ti& iniattcnais ^ble for l^er Jayew 155 and/or 255 mcjude GeO* and SiO* 
r\(5eS>i ^ is T^latr^ pdroiis an will "soak xtp* silver (hiring operation of device 
m ^ retard ihe tterrriai dilfesioa of silver to ion conductor 140, .compared to 
s^cttiret or deviice* that dd not include a buffer layer. TVben ion conductor 140 includes 
gernjanrum, GeO* itfcy be formed by exposing ion conductor 140 to an oxidizing 
efivir^^ at a tei&perature of about 300 °C to about 800 °C or by exposing ion conductor 
140 to an oxidizing envkonment in the presence of radiation having an energy greater than 
the banH gaj> of the ion conductor material. The GeOi may also be deposited using physical 
vapor deposition (from a GeOj target) or chemical vapor deposition (from (SeH* and an Q*). 

Bufe layers c^n also be used to increase a "Svrite voltage" by placing the buffer 
layer (e.g., GtOi or SiO*) between ion conductor 140 and the indifferent electrode. The 
bnffe* material allows tfietal such as silver to diffuse though the buffer and take part in the 
electro^enn fc cal reaction. 

to accordance tvhh one embodiment of the invention, at least one electrode 120 and 
15 130 is forinetf of material suitable for use as ah interconnect metal. For example, electrode 
130 may form part of an interconnect structure within a semiconductor integrated circuit. In 
accordant with one aspect of this embodiment, electrode 130 is formed of a material that is 
substantially insoluble in material comprising ion conductor 140. Exemplary materials 
: suitable for both mierconnect and electrode 130 material include metals and compounds 
Z0 such as tunlgsteh, nickel- molybdenum, platinum, metal silicides, and the like. 

Lasers 155 and/or 255 may also include a material that restricts migration of ions 
between conductor 140 and the electrodes. In accordance with exemplary embodiments of 
Re invention, a barrier layer includes conducting material such as titanium nitride, titanium 
; ttn^gsten, a combination roefeof; of the like. The barrier may be electrically indifferent, £e., 
^ :,: — kD6 ^ ^'P^^^^.i^et^ through strucnsre 100 or 200, but it does not itself 
: ■, < connaroit^ ions to 20b. An electrically indifferent barrier may 

Mtute undeSired dendrite growth during operation of the programmable device, and thus 
may facility 

opposite to that used to grow the dectrodeposit. In addition, use of a conducting barrier 
0 allows for the 'Indifferent" electrode to be formed of oxidizable material because the barrier 
pr events diffusion of the electrode material to the ion conductor. 

Ion conductor 140 is £onncd of material that conducts ions upon application of a 
sufficient voltage. Suitable materials for ion conductor 140 include glasses and 
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... ^etrac^ntbctiDr niatcnais. In one exemplary embodiment of the invention, ion conductor 140 

: \ y 

Ion conductor 140 may also suitably include dissolved conductive material. For 
example; ion conductor 140 may comprise a solid solution that includes dissolved metals 
;5 and/or mistal ions. In accordance with one exemplary embodiment of the invention, 
fcbnmictof 140. includes metal and/or metal ions dissolved in chalcogenide glass. An 
{ exemplary chalcogenide glass with dissolved metal in accordance with the present invention 
intimfes a s*lid solution of AsA^Ag, Ge^e^Ag, GpA^Ag, AsA-i-Cu,. GeJSe^Cu, 
•:fy&ik^'-ii^x.till& from about 0.1 to about 0.5 other chalcogenide materials 
10 inctocfo^s^^ In addition, 

conductor 140 may include network modifiers that affects mobility of ions through 
cdhdiictor 140. For example, materials such as metals silver), halogens, halides, or 
hydrogen may be added to conductor 140 to enhance ion mobility and thus increase 
erase/write speeds of the structure, 
15 A solid solution suitable for use as ion conductor 140 may be formed in a variety of 

ivays. For exarnple, the "solid solution mdy be formed by depositing a layer of conductive 
material such as metal over ain ion cfctfductrve material such as chalcogenide glass and 
e*pOsmg themtt^ In accordance 

Tvith one exemplary enibodiment of the invention, a solid solution of AsaSa-Ag is formed by 
depositing As^Ss onto a substrate, depositing a thin film of Ag onto the A&S^ and exposing 
thb'filte.to.fiBlit < li&^ energy greater ihan the optical gap of the Aa&<-*&, light having a 
ivaVelength of less than about 500 nanometers. If desired, network modifiers may be added 
to comtoctor 140 Airing deposition of conductor 140 (e.g., the modifier is in the deposited 
material or present during conductor 140 material deposition) or after conductor 140 material 
£ V & depdSfted (e.^, by exp6smg conductor 140 io an atmosphere memdmg fte.network 
'•^-m^er);. 

In aceor&toce ipvith another embodiment of the invention, a solid solution may be 
. fortifed by de^siting one of the constiroents onto a substrate oi another material layer and 
reacting the first constituent with a second constituent. . For example, germanium (preferably 
0 amorphous) may be deposited onto a portion of a substrate and the germanium may be 
reacted with H 2 Se to form a Ge-Se glass. Similarly, As can be deposited and reacted with 
the H 2 Se gas, or arsenic or germanium can be deposited and reacted with H 2 S gas. Silver or 
other metal can then be added to the glass as described above. 
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In accrjrdanceitfith one aspect of this embodiment, a solid solution ion conductor 140 
is formed by depteitrhg sufficient metal onto an ion conductor material such that a portion of 
the metal can b# ifiss^rVe^ the ion con<roctor material and a portion of the metal 

rerharhs Oh a surface* of the ioh conductor to form an electrode (ftp, electrode 120). in 
acwdahce with afteniauVe enibckiiments of the invention, solid solutions curtaining 
dissolved metals rxtay be dnettfy deposited onto substrate 1 10 and the electrode then formed 
overling the ion conductor. 

An amount of conductive idaterial such as metal dissolved in an ion conducting 
material such as chalcogenide may depend on several factors such as an amount of metal 
available for (Solution and ah amount of energy applied during tfo dissolution process. 
However, when i sufficient amount of metal arid energy are available for dissohrtidh in 
clialcogenide n^ter^ iising photodissorution, the dissolution process is thought to be self 
limiting, substantially halting when the metal cations have been reduced to their lowest 
oxidation state; In the case of As^-Ag, this occurs at Ag4As2S3 - 2Ag*S + AsjS, having a 
silver concentration of about 44 atomic percent It; on the other hand, the metal is dissolved 
in the chalcogehirie material using thermal dissolution, a higher atomic percentage of metal 
in the solid solution hiay be obtained, provided a sufficient amount of metal is available for 
dissolution. 

In accordance with a further ernbodimeht of the invention, the solid solution is 
formed by photOdissOlutjoni to form a macrblic^geneous ternary cdm))Ound and additional 
metal is added to the solution using thermal diffusion (e.g., in an inert environment at a 
terrn>erature of about 85 °C to about 150 D C) to form a solid solution containing, for 
example, about 30 to about 50, and preferably about 34 atomic percent silver. Ion 
conductors having a rnetal concentration above the photodlsst>lutir>h sobbility level 
ficilfetes foirhatiori of &&*^&p6iafo that are thermalry stable at o|^^ ten^atures 
^ti&j afout 65 *C to afccM 156 of devices 106 and 200; Arternatively, the solid 
solution may be formed by thermally mssorving the rnetal into the ion conductor at the 
teh^perature noted above; however, solid solutions formed excmsrvefy from photodissolutioh 
are thought to be less homogeneous than films having similar metal concentrations formed 
using photodissorution and thermal dissolution. 

Ion conductor 140 may also include a filler material, which fills interstices or voids. 
Suitable filler materials include non-oxidizable and non-silver based materials such as a non- 
conducting, immiscible silicon oxide and/or silicon nitride, having a cross-sectional 
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dmiefcnon of lass than about 1 nm, -Winch do not cottribute' to the growth of an 
dfectrtdejoat. In this case, the filler material is present in the ion coJidoctor at a volume 
1 pertent of up to abbot 5 p^cent to reduce a Btfenliood that an dectrodeposit will: 
spontaneously dissolve into the supporting ternary material as the device is exposed to 
5 elevated temperature, which leads to more stable device operation without compronnamg the 
petforinance of the device. Ion conductor 140 may also include filler material to reduce an 
effective cross-sectional area of the ion conductor. In this case, the concentration of the 
fiUe* material, which may be the same filer material described above but having a crOss- 
sfectional dimension /up to about 50 nm, is present in the ion conductor material at a 
:10 cow»isfiration of op to about 50 percent by volume, the filler material may also include 
tte^snchassilverorcopptttonflmevoi* 

In accordance with one exemplary embcnlnnett of thb inv^^ 
includes a geimamuin-selenide glass with sifter diffused in the glass. Germanium selenide 
materials are typically formed from selemum and Gefks^ tetohedra that may combine in a 
15 Varied of ways. In a Se-rich region, Ge is 4-fola coordinated and Se is 2-fold coordinated, 
which means that a glass composition neat GeoaoSe,.*, will have, a mean coordination 
tiumber of about 14. Glass with tins codrdifiaticin number is considered by constraint 
counting theory to be optimally constrained and hence very stable with respect to 
devitrification. The network in such a glass is known to self-organize and become stress- 
20 free, making it easy for any additive, e g., silver, to finely disperse and form a mixed-glass 
solid solution. Accordingly, id accordance with one embodiment of the invention, ion 
conductor 140 includes a glass having a composition of Geo.tfSeO.to to Geo.23Seo.75. 

The composition and structure of ion conductor 140 material often depends on the 
. stating or target material used to form the conductor. Generally, ft is desired to form a 
2$ homog^oWs. material layer ft* /coAhictor 140 to facilitate reliable and repeatabie device 
V p^otmahee. In accordance with one embbdrnjent of the invention^ : : » target for physical" 
vapo* deposition of material suitable for ion conductor 140 is formed by selecting a proper 
ampoule, preparing the ampoule, niamtaining proper temperatures during formation of the 
glass, slow rocking the composition, and quenching the compOsitioa 
D Volume and Wall thickness are important factors for consideration in selecting an 

ampoule for forming glass. The wall thickness must be thick enough to withstand gas 
pressures that arise during the glass formation process and are preferably thin enough to 
facilitate heat exchange during the formation process. In accordance with exemplary 
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V; em1>6^^ quartz to^^twth a wall i tKd^ of ibootl into are used 

;u> form Se and Te based chaltogenide glasses, wkereafr quartz ainpoules with a wall 
tbictoes^ Id add-on, 

me volume of the ampoule is preferably selected such that the volume of thfe ampoule is 
5 ahowirvetim^ 

Dnte the ampoule is selected, the ampoule is prepared for glass formation, in 
acwrdance with one eml>odimeiit of the iiryeiirion, by cleanmg the aityoule with 
hya^fhioric acid, eifoanoj and acetone, drying the ampoule for at least 24 hours at about 120 
°C, evacuating the atfpoule and heating thfc ampoule isntB the ampoule turns a cherry red 

10 color and cooling the ampoule under vacuum, filling aMponle with charge and evacuating 
the ampoule, heating the ampoule while avoiding melting of the constituents to desorb any 
nanaimng oxygen, and sealing the ampoule. This process reduces o*ygen containination, 
which in turn promotes macrohomogerieous growth of the glass. 

The melting temperature of the glass formation process depends on the glass 

15 material. In the case of gemaiUun>based glasses, sufficient time for the chalcogen to react 
at low temperature with all available germamum is desired to avoid explosion at subsequent 
elevated temperatures (the vapor pressure of Se at 920 °C is 10 ATM and 20 ATM for S at 
-720*0). To reduce ithe risk of explosion, the glass fonnation pro 

ampoule temperature to about 300 °C for sdenium-based glasses (about 2(H) °C for sulfur- 
based glasses) over the period of about an hour and mamtaking this temperature for about 
12 hours. Next, the t^perature is ejected slowly (about 0.5 °C/mm) up, to a temperature 
about 50 °C higher than ^ 

aboutthis temperature for about 12 hours: the temperature is then elevated toabout940°C 
; ; to entire melting of all non^reacted germanium for Se-based giaSscs or about 700 °C for S- 

S : b^ g^ 

lie melted glass composition is preferably slot* rocked at a rate of about Wminute 
at legist about six hours to increase the homogeneity of the glass. 

trenching is preferably performed from a tem^^ 
liquid are in an equiybrium to produce vitrification of the desired composition. Li this case, 
the queijching temperature is about 50 °C over the tiquidus temperature of the glass material. 
Chycogenide-rich glasses include a range of concentrations in which under-constrained and 
over-constrained glasses exist. In cases where the glass composition coordinated number is 
far from the optimal coordination (e.g., coordination numbers of about 2.4 for Ge-Se 
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systems) the quenching rate has to be fast enough in ordeY to ensure vitrification, e.£, 
quenching in ice-water or an eVen stronger coolant such as a mixture of urea and ice-water, 
to the case of opti^ 

°ix 

5 In accordance with one exemplary embodiment of the invention, at least a portion of 

structure io6 is formed within a via of ail insnlatbg material 156. Forming a portion of 
structure 100 within a via of an insulating material 150 may be desirable because, among 
other reasons, such formation allows relatively small structures, e.g., on the order of 10 
nanometers, to be formed In addition, insulating material 150 facilitates isolating various 
10 structures 100 from other dectrical components. 

Insulating material 150 suitably includes material that prevents undesired diffusion of 
elecfrons and/or ions from structure 100. In accordance with one embodiment of the 
invention, material 150 includes silicon nitride, silicon oxynitride, polymeric materials such 
as polyimide or parylene, or any combination thereof 
15 A contact 165 may suitably be electrically coupled to one or more electrodes 120,130 

to facilitate forming electrical contact to the respective electrode. Contact 165 may be 
formed of any conductive material and is preferably formed of a metal such as amminum, 
atommum alloys, tungsten, or copper. 

In accordance with One enitodiment of the invention, sinlcture 100 is formed by 
20 forming electrode 130 on substrate 110. Electrode 130 may be formed using any suitable 
method such as, ior example, depositing a layer of electrode 130 material, patterning the 
electrode material, and etching the material to form electrode 130.. Insulating layer 1 50 may 
be formed by depositing insulating material onto electrode 130 and substrate 1 10 and 
forming vias in the insulating material using appropriate patterning and etching processes. 
y 2$ Ion conductor 140 and electrode 120 may then be formed within hisulating layer 150 by 
dej^snii^ ieh ^ Such ion 

conductor and electrode material deposition may be selectivfc -/.*?., the material is 
substantially deposited only within the via, or the deposition processes may- be relatively 
non-selective. If one or more non-selective deposition methods are used, any excess 
30 material remaining on a surface of insulating layer 1 50 may be removed using, for example, 
chemical mechanical polishing and/or etching techniques. Barrier layers 155 and/or 255 
may similarly be formed using any suitable deposition and/or etch processes. 
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manipulating one or inbre electrical properties of the structures. For example, a resistance of 
astrtf^ 

operation. Similarly, the device may be changed from a "1" state to a "<T state during an 
5 erase operation. In addftidn, as discussed in rnore detail below, the structure may have 
fcuhiple |ni>grarnmable states such that nmiltiple bits of iiifonnation are stored in a single 
structure. 

mm OPERATION 

W Figure 3 illustrates current-voh^ge characteristics of a programmable stiiictute (ag; 

structure 200) in accordance with the present invention. In the illustrated embodiment, via 
diameter, D, is about 4 microns, conductor 140 is about 35 nanometers thick and formed Of 
GesSer-Ag (near AsgGfcaSc^X dectrode i30 is indifferent and formed of nickel, electrode 
120 is formed of silver, and barrier 255 is a native nickel cfedde. As illustrated in Figure 3, 

15 currenilh]^^ application of a 

bias of over about one vfclt; however, Once a write step has been performed (/.*, ah 
electrodeposit has formed), the resistance through conductor 140 drops significantly (Le., to 
about 200 ohms), illustrated by curve 320 in Rgure 3. As noted above, when electrode 130 
is coupled to a more negative end of a voltage supply, compared to electrode 120, an 

2D dectrodel>6sit begifcs to forin near electrode 130 and grow toward electrode 120; An 
effective threshold vdhage (i.e., voltage required to cause growth of the electrodeposit and to 
break through barrier 255, thereby coupling electrodes 320, 330 together is relatively high 
because of barrier 255, In particular, a voltage V£ V T must be applied to structure 200 

; sufficient to cause elecrrlkis to tame! through barrier 255 (when barrier 255 comprises an 

S in^lat^ jftj to wercome tfie barrier (elfe by ttfhnefctg 

In accordance ifrith alternate embodiments of tie invention, where no insolating 
barrier layer is present, an initial 'SvriteT threshold voltage is relatively low because no 
insuiative barrier is formed between, for example, ion conductor 140 and either of the 
0 electrodes 120, 130. 
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A state of the decide 1 or 0) may be read, wifcout significantly distwbing the 
state, by, for example, applying a forward or reverse bias of magnitude less than a voltage 
threshold (about 1.4 V for a structure iltostiated in Figure 3) for riectrodepositfe-n or by 
using a current limit which is less than or equal to the immimim programming current (the 
ctottit which will produce the highest of the on resistance values). A current limited (to 
about 1 milfiamp) ri?ad operation is shown in Figure 3. In this case, the voltage is swept 
from 0 to about 2 Vand the current rises up to the set fimit (from 0 to 0.2 V), indicating a 
low resistance (dlmiicVlmear cuttemVvoltage) W state. Another way of performing a non- 
disturb read operation is to appty a pulse, with a relatively short duration, which may have a 
voltage higher than the deetrocheinicai deposition threshold voltage such that no appreciable 
Faradaic current flow^ /.&, nearly all the current goes to polamang/charging the device and 
not into the electrodeposltion process. 

ERASE OPEM11GK 

A programmable structure (e.£, structure 200) may suitably be erased by reversing a 
bias applied during a write operation, wherein a magnitude of the applied bias is equal to or 
greater than the threshold voltage for dectrodeposition in the reverse direction. In 
accordance with an exemplary embodiment of the invention, a sufficient erase voltage 
(Vi Vt) is applied to structure 200 for a period of time which depmds on the strength of the 
initial connection but is typically less than about 1 iniflisecond to return stricture 200 to its 
"6fT state having a resistance well in excess of a million ohms. In cases where the 
pro#amMable structure does not include a barrier between conductor 140 and decfrode 120, 
a threshold voltage for erasing the structure is much lower than a threshold voltage for 
>*ritfcg the ^^ctoe b^c^ unlike m* vvrite operation, the cfcufe djabtioii does hot require 
eJecu^on tumieJfeg tn^ 

COlWROL OF OPERATIONAL PARAM&TERS 

the concentration of conductive material in the ion conductor can be controlled by 
applying a bias across the programmable device. For example, metal such as silver may be 
taien out of solution by applying a negative voltage in excess of the reduction potential of 
the conductive material. Conversely, conductive material may be added to the ion conductor 
(from one of the electrodes) by applying a bias in excess of the oxidation potential of the 
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ri&eriah thtis, for example, if the wftufoctive material fcftcttm^otf is above Ufet desired 
for a particular device application; the coiiceiifratioii can be reduced fey reverse biasing the 
device to reduce the coiceitfration of the cofiductive material Similaily, metal may be 
added to the solution from the oddrzable electrode by applying a sufficient forward bias. 
Additionally, it is possible to remove excess metal build tip at the imhtferent electrode by 
applying a reverse bias for an extended time or an extended bias over that required to erase 
the device tinder nonnal operating conditions. Control of the conductive material may be 
accomplished automatically using a suitable microprocessor. 

liisfatoiqufe- may.also be used to form one of the electrodes from material Within 
the ion c^ndtictor material. For example, sirve* from the ion conductor may be plated out to 
form the oxiclizable electrode. This allows the oxidizable electrode to be formed after the 
device is fully formed arid thus mitigates problems associated with conductive material 
diffusing from the oxidizable electrode during manufacturing of the device. 

As noted above, in accordance with yet another embodiment of the invention, 
15 multiple bits of data may be stored within a single programmable structure by controlling an 
amount of electrc^deposit which is formed during a write process. An amount of 
electrodeposit that forms oSrfing a write process depends on a number of coulombs or charge 
supplied to the structure during the write process, and may be controlled by using a current 
limit power source. In this case, a resistance of a programmable structure is governed by 
Elation 1, where R« is the W state reastance, Y T is the threshold voltage for 
elettrodeposition , and Jim "is the maximum current allowed to flow during the write 
operation. 

V T 

Ron = — 

Equation 1 

5 In practice, ihe limitation to the amount of information stored in each cell will 

depend on how stable each of the resistance states is with time. For example, if a structure is 
wifh a programmed resistance range of about 3.5 Ul and a resistance drift over a specified 
time for each state is about ±250 O, about 7 equally sized bands of resistance (7 states) could 
be formed, allowing 3 bits of data to be stored whhin a single stracture. In the limit, for near 
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zero drift in resistance in a specified time Bruit, iirformation could be sic-red as a contimTUm 
of states, i.e., in analog form. 

. A portion of art integrated circuit 402, including a programmable structure 400, 
configured to provide additional isolation from electronic components is iifustratetfih Figure 
4. In accordance with ah exemplary embodiment of the present invention, structure 400 
/includes electrodes 420 arid 430, an ion conductor 446, a contact 460, and an amorphous 
silicon diode 470, such as a Schottky or p~n junction diode, formed between contact 460 and 
electrode 420. Rows and columns of programmable structures 460 may be fabricated into a 
high density configuration to provide extremely large storage densities suitable for memory 
circuits, in general, the maximum storage density of memory devices is limited by the size 
ahd complexity of the column a^d row decoder circuitry. However, a programmable 
structure storage stack can be suitably fabricated overlying ah integrated circuit with the 
entire semiconductor chip area dedicated to row/column decode, sense amplifiers, and data 
management circuitry (not shown) since structure 400 need not use any substrate real estate. 
In this manner, storage densities of many gigabits per square centimeter can be attained 
using programmable structures of the present invention. Utilized in this manner, the 
programmable strocture is essentially an additive technology that adds capability and 
functionality to existing semiconductor integrated circuit technology. 

Figure 5 schematically illustrates a portion of a memory device mduding structure 
400 having an isolating p-n junction 470 at an intersection of a bit line 510 and a word line 
520 of a memory circuit. Figure 6 illustrates ah afternatrve isolation scheme employing a 
transistor 610 interposed between ah electrode and a contact of a programmable structure 
located at an intersection of a bit line 610 and a word line 620 of a memory device. 

Figures 7-10 illustrate programmable devices in accordance with another 
embodiment of the mverrtioh. The devices illttstriited in Rgures 7-10 have an electrode (e g., 
trie cathode (hiring a write process) with a stnaJiler cross sectional area in contact with the k>n 
conductor compared to the devices illustrated in Figures i-2 and 4. The smaller electrode 
interface area is thought to increase the efficiency and endurance of the device because an 
increased percentage of ions in the solid solution are able to take part in the electrodeposit 
formation process. Thus any cathode plating from ions that do hot participate in the 
electrodeposit process is reduced. 

Figures 7 and 8 illustrate a cross sectional and a top cut-away view of a 
programmable device 700 including an indifferent electrode 710, an oxidizable electrode 
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720, and an ion conductor 730 former overlying an insulating layer 740 such as silicon 

Structure 700 is formed by depositing an mdirXerent electrode material layer, and art 
instating layer 750 oVerfying msulating layer 740. A via is then formed through layer 750 
and eleW^^ using an anisotropic etch process (e.g., reactive ion etching 

orion i niilhng) sUch that the via extends to and/or through a portion of layer 740. The via is 
then filled with ion conductor material and is suitably doped to form a solid solution as 
described herein. Any excess ion conductor material is removed from the surface of layer 
750 and electrode 730 is formed, for example using a deposition and etch process. In this 
case, the inherent electrode (cathode during write process) area in contact with ion 
conductor 730 is the surface area of electrode 710 about the perimeter of conductor 730, 
ramerthanmeare^ 

Figures 9 and 10 illustrate a programmable device 900 having an indifferent 
electfode 910, an oxidizible electrode 920, an ion conductor 930 and insulating layers 94a 
15 and M0 in accordance with yet another embodiment of the invention. Structure 900 is 
similar to sfructare 700, except that once a via is formed through layer 750, an isotropic etch 
process (eg, chemical or plasma) is employed to form the via through electrode 910, such 
that a sloped intersection between an ion conductor 930 and electrode 910 is formed. 

Figures 11 and 12 illustrate another programmable device 1100, with a reduced 
electro^e/ibn conductor interfece, in accordance with the present invention Structure 1 100 
includes electrodes 11 10 and 1 120 and an ion conductor 1 130, formed on a surface of an 
insulating material 1140, rather than within a via as discussed above. In this case, the 
proj^ammable structure is formed by defining an ion conductor 1 130 patter on a surface of 
/; insulating material 1140 (e;g., iising deposition and etch techmques) and forming electrodes 
r ^ ^ lathe 
: > ^: ■ ^ are formed overling and in contact with 

b6tt^ Although the thickness of 

the layers may bevaried in accordance with specific applications of the device, in a preferred 
embodiment of the invention, the thickness of the ion conductor and electrode films is about 
30 1 nm to about 100 nnx Sub-hthographic lateral dimensions of portions of the device may be 
obtained by overexposing photoresist used to pattern the portions and/or over etching the 
film layer. 
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ftgure 13 iifofcfrates a device 1300 in ac^rdanee with yet another embodiment of the 
hrvention. Structure 1 1300 is similar to the devices illustrated in Figure 7 and 8, except that 
the cros^sectidnal area of the ion conductor that is in contact with the electrodes is rediuced 
by filling a portion of a via -tvith notion conductor material, rather than etching through an 
/electrode layer. 

: Structure ftWmcmdes dedrbde* 13T0 arid 1320 and an ion conductor 1330 formed 
^ivithiri ait insulating layer 1340. In this case, ion conductor 1330 is formed by creating a 
trench within insulating layer 1340, the trench having a diameter indicated by D2. The 
tfoateh istiteti filled tising, for example, interference lithography techniques or corifonnalty 
fining the via with insbldimg material and using an anisotropic etch process to remove some 
of the insulating material, leaving a via with a diameter of D3. Structure 13CO formed using 
this technique may have a ion conductor cross sectional area as small as about lOnm in 
contact with electrodes 1310 and 1320. 

Figures • 14*17 illustrate another embodiment of the invention, where the cross 
sectional area of the ion contmctor/elecfrode interface is relatively small. Structure 1400, 
iilu^teYl in figure 14, includes electrodes 1410 and 1420 and an ion conductor 1430. 
Structure 1400 is formed in a manner sunilar to ^cture 700, except that the ion conductor 
material is deposited coiifbrmally, uSifig, for example Chemical vapor deposition or physical 
vapor deposition, into a trench,' and the trench is not filled with the ion conductor material 

Structure 1500 is similar to structure 1400, except that an ion conductor 1530 is 
formed by etching a portion of ion conductor 1430, such that a via 1540 is formed through to 
electrode 141 6. Stocture 1600 is similar to structure 1500 and is formed by conformally 
depositing the ion conductor material as described above and then removing the ion 
conductor material from a surface of insulating material 1450 prior to depositing electrode 
1420 ^ 1700 may be formed by telectrvely deposing the ion 

cono^ctbt iiS6 Material mid only a portion of the trench formed in insulating material 1450 
(ag^ using angled deposition arid/or shadowing techniques), removing any excess ion 
conductor material on the surface of insulator 1450, and forming ah eletetrode 1720 
overlying the insulator and in contact with ion conductor 1730. 

Figures 18 and 19 illustrate yet another embodiment of the invention, where a pillar 
or wall within a trench is used to reduce a cross-sectional area of the interface between the 
ion conductor and one or more electrodes. Structure 1 800, illustrated in Figure 1 8, includes 
electrodes 1 8 1 6 and 1 820 and an ion conductor 1 830 formed within an insulating layer 1 840. 
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fir addition, stroctaie 1800 deludes a'piDir 1850 of instating material (e.g, msulating 

may bo foimed using the i sfc^owed deposition tecbmqoc discussed above. Stractafe 1900 is 
. Sunilifr to stracture 1800, eicept structure 1900 includes a partial pillar 1950 and an ion 
.5 a>rtdiicic*1930,wh^ 

^ Figure 20 ilhistrates yet another sttuctore 2000 in accordance with the present 
invention. Structure 2000 includes electrodes 2010 and 2020 and an ion conductor 2030 
formed ttnhib an insulating layer 2040. Structure 2000 is formed using an anisotropic or a 
. combination Of an anisotropic and an isotropic etch processes to form a tapered via. Ion 
io conductor 2030 is ifr^ previously described. 

Figures 21-24 ilhlstraie programmablfe devices in accordance with yet another 
^bodim ent of the invention, the structures ulustrated in Figures 21.24 include a floating 
eleotrode, which allows multiple bits of information to be stored within a single 
programmable device. 

15 Stfuchife 2106 includes a first electrode 2110, a second, floating electrode 2120, a 

third electrode 2130, ion conductor portions 2140 and 2150, which may all be formed on a 
snbstrate or wholly car partially formed within a Via as described above. Although structure 
2100 is illustrated in a Veltical configuration, the structure may be formed in a horizontal 
configuration, similar to structttre ifOfc In actordance whh one aspect of this embodiment, 
20 Ufe first and third electrodes atfc fottifel of anindiflbrent electrode and tie second electrode 
is formed of ab oxidkable electrode materiaL Alternatively, the first and third electrodes 
inay be formed of otfoizable electrode material and the second, Abating electrode may be 
formed of an different elec^tHle material In either case, the structure includes two "half 
cells," where each half cell fonctions as a programmable device described above in 
v5S • ;. ;•■ bonn^vrith^F^ ^Brt^.tf fcjnAflftfy configured such that the resistance bf 
V. yti&tWm differs ^^r^sian^ of me bUM* half cell when bothcfclls are in an erased 
•' .• state. ' • 

m tlfe c^ when floating elecu^^ 
bits of data may be stored as follows, the overall impedance of structure 2100 is 
approximately equal to the resistance of portions 2140 and 2150. When no electrodeposit is 
formed Within either portion, this high resistance state may be represent by the state 00. 
When a voltage is applied to structure 2100, such that electrode 2130 is positive relative to 
electrode 21 10 and the applied bias is greater that the threshold voltage required to form an 
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electmlepbsit in portion il40> an dectrodcpbat 2160 trill form through conductor portion 
2140 jfroin electrode 21 10 toward floating electrode 2120 as ilbstrated in Figure 2Z tinder 
this condition, an d&^eposit wtil not form within conductor portion 2150 because portion 
2150 is under a reverse Mas condition and thus will not support growth of an elettrodeposit 
The growth of the ejectrbdeposst will change the impedance of portion 2140 from Zi to Z\\ 
thus changinig thfe overall iinpedanfce of structure 2100, which may be represent by the state 
01. the current level used to form dectrodeposh 2160 should be sdected such that it is 
sufficiently iow> allowing the electrodeposit to be dissolved upon application of a sufficient 
reverse biaa A thfrd state miry be formed by reversing the polarity of the applied bias across 
electrodes 2110 and 2130, such that most of the voltage drop occurs across the high 
resistance ion conductor portion 2150 and formation of an electrodeposit 2176 begins, as 
illustrated in figure ^, whtort causing electit)depofflt 2160 to dissolve. The impedance of 
portion 2150 changes from Z* to 7a r , and the overall impedance of structure 21 00 is Zi* plus 
2a , which may be represented by the state 1 1. Once both half cells are in the write state, 
electrodeposit 2160 and/or 2170 idiiy be dissolved by applying a suffident bias across one or 
both of the half cdfa. MeWOdeposit 2170 can be erased, for example^ by suffidently 
Negatively biasing electrode 2130 with respect to dectrode 21 10, which may be represented 
by a state 00. The four possible states, along with the current limit used to form the state^ are 
represented in table 1 belrivfc 



Sub-threshold 
Uppeir+I^Wer--. 
Upper - LoWer* 

tipm-iow^f^ 



Zero 
Low 
LOW 
Ifi^h 



Z, 
Z\ y 



7a 

V 

7a> 



00 
01 

11 

10 



Tablel 



Structure 2100 can be changed to 11 from state 10 by applying a low current limit 
bias to grow dectrodeposh 2150 in portion 2140. Similarly, structure 2100 can be changed 
from state 11 t6 state 01 by dissolving electrodeposit 2170 by applying a relatively high 
current limit bias such that upper dectrode 2130 is positive with respect to lower electrode 
2110. Finally, structure 2100 can be returned to state 00 using a short current pulse to 
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r^t^f dissolve ^ d^trbdcjjoat 2160, using a current which is high enough to cause 
locaUiisa neaiing df the ele^eposit this will increase the stiM' coixentotion in the 
half-cell but this excess metal can be removed electrically from the ceil by plating it back 
bnto the floating electrode. This sequence is swnnwrized in table 2 below. 
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Existing state 




Z| 




.10 
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t^pef^Ixi^- 




Z,' 


U 


11 


6 


Upp^ + I^Fwer-* 


High 






01 


7 


tJpper + Lol^er-- 


Thermal 


z. 


Z, ■ 


00 
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Otter l*rite and erase sequ&cies ajfe also possible (as are other definitions of the 
various states itpiese&ed by the balf-cefl impedances). For example, it is possible to go 
from state 00 to either state 01 or state 10, depending on the write polarity chosen. 
Simflarl^itiB pra^^ It is also possible to 

go from state i 1 to state 00 by the application Of a torrent pulse (in either direction) which is 
high and short enough to thermally dissolve the electrodepbshs in both half-cells 
simultaneously. 

In addition to storing information in digital form, structure 2100 can also be nsed as a 
noise-tolerant, low energy anti-fuse element for use in field programmable gate arrays 
(FPGAs) and field configurable rircuits and systems. Most physical anti-fuse technologies 
require large cteelots and Vdttages to make a percent coJaiie^bW the need for such high 
energy sltate^s^cliMig StinMiii is generally consioVSrW to be stfneivhai ^ beneficial as this 
reduced M lieflhood of the ahfi-fuse accidentaliy forming a connection in dettrically noisy 
situations. However, the use of high Voltages and large currents on chip represent a 
significant problein as all components in the jfrograkming circuits are typically sized 
accordingly and the high energy consumption reduces battery life in portable systems. 

figures 25-29 illustrate structures in accordance with another embodiment of the 
invention in which multiple programmable devices include a common electrode (e.g., the 
devices share a common anode or cathode. Forming structures in which multiple structures 
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wowzisn l\ fcrtmsov&iu 

share a common electrode is advantageous because such structures allow a higher density of 
ceils to fee formed on a given substrate surface area 

: Kgures 25 and 26 iltostrate a structure 2500, having a horizontal configuration and a 
cOinmon detfrdde. Sbiictore 2500 includes an elfectoical connector 2510 coupled to a 
5 coinnion surface electrode 2520, electrodes 2530 and 2540, and ion conductor portions 2550 
and 2560 o^Jryblg an>sulating layer 2li0. Stecnire 2500 may be Used to form word arid 
bit fines as described above by forming a row of electrodes (e.g., anodes) coupled to 
corfifuctbr 2510, and colrinins of oppositely bias electrodes (e:g., cathodes) running 
perpendicular to electrodes 2520. A conductive plug, formed of any suitably connecting 
10 material can be used to deitocafly couple electrode 2520 to conductor 2510. Although 
ilto&rated with a ltfrizoirtal configuration, common electrode structures in accordance with 
this emboo^ejtt may be for^ 
herein. 

Figures 27 and 28 illustrate additional structures 2700 and 2800 having a common 
1 5 electrode shared between two or more devices Structures 2700 and 2800 include a common 
electrode, electrodes 2726 and 2725, ion conductors 2730,2735 and 2830, 2835 respectively, 
and insulating layers 2740 and 2750, Structures 2700 and 2800 may be formed using 
techniques described above in connection with Figures 15 and 16— e.g., by informally 
depositing ion cbiiductor material within a trench of an insulating layer. In accordance with 
20 another embocliment of the invention, directioiial deposition may be used to form a structure 
similar to structure 1700. Structures 2700 and 2800 each include two programmable devices 
inctodmg comnlon electrode 2710 an ion conductor (e.g., conductor 2735) and another 
electrode (e.g., electrode 2725). Itielectric material 2750 is an insulating material that does 
. not interfere with sitftace electrbdeposit growth, such as silicon oxides, sitfcpn nitrides, and 

ftgure2S>ito^ 

2916 formed about a common electrode 2920. Each of the devices 2902-2916 may be 
formed using the method described above in connection with Figure 21. In the embodiment 
illustrated in Figure 29, each of electrodes 2930-2936 and 2938-2944 may be coupled 
30 together in a direction perpendicular to the direction of common electrode 2920, such that 
electrode 2920 forms a bit line and electrodes 2930^2936 and electrodes 2938-2944 form 
word lines. Structure 2900 may operate and be programmed in a manner similar to structure 
2100 described above. 
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to a^r &mce with other embodtofexrts of tte piesent hrveftrioh, a programmable 
fracture or device states iriteiihatioB by storing a charge as opposed to grtfwing aii 
electrodepcfcit. A Gapaeitahee of a structure or device is altered by applying .a bias across 
electrodes of the device such that positively changed ions migrate tc^vard one of the 
electrodes. If the" applied bias is less that a write threshold voltage, bo short will form 
tetween the eleclr^es: Capacitance of toe of the ion migration. 

IVhen the applied bias is removed; the metal ions tend to difiuse away from the electrode or 
a barrier proximate the dectrode. However, ah interface between an ion conductor and a 
barrier is generally imperfect and includes defects capable of trapping ions. Thus, at least a 
iportion of ions remairi at or proximate ah inter&te between a barrier and ah ion conductor. 
If a write voltage is tftferised, the ions may suitably be dispersed away from the interface. 

A ptogrammable structure in accordance with the present invention may be used in 
many appficatiohs which would otherwise utilize traditional technologies such as EEPROM, 
PLASH or DRAM AoVantages provided by the present mventioh over present memory 
5 techmques include, among other things, lower production cost and the ability to use flexible 
fabrication teclmiques which ate easily adaptable to a variety of apphcations. The 
programmable structures of the present invention are especially advantageous in applications 
where cost is the primary concern, siich as smart cards and electronic inventory tags. Also, 
an ability to form the memory directly oh a plastic card is a major advantage in these 
applications as this is generally not possible with other forms of semiconductor memories. 

Further, in accordance with the programmable structures of the present invention, 
memory dements may be scaled to less than a few square microns in size, the active portion 
of the device being less than on micron. This provides a significant advantage over 
tramtional semieohmro^ in which each device and its associated interconnect 

c^take^ 

Ado%olially, f& devices 
do not require Refreshing." thus, the devices are well suitable for portable device 
applications: 

Although the present invention is set forth herein in the context of the appended 
drawing figures, it should be appreciated that the invention is not limited to the specific form 
shown. For example, while the programmable structure is conveniently described above in 
connection with programmable memory devices, the invention is not so limited; the structure 
of the present invention may suitably be employed as programmable active or passive 
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^ ; ^ j^exirrire, although o^fcfne of the devices are 

ilfo^ted as including buffer, barrier, or transistor coinpoiieri^ any of thete winponeDls 
Aay be idded to the devices of the present inventioa Various other ihodfficat^ 

S forth herein, may be made i^iout deputing from the spirit and scope of the present 
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CLAIMS *■"./•.'■•:>••. 

We claim: 
. K Ajnicibel^^ 
5 ^ioBc^ndnctarf^^ 
anbxSdi^Iee^^ 

an mdrffererrt dectrode proximate the ion conductor. 

2. The inicjoelectronic programmable structure of claim 1, further comprising a 
lb twtferiayetb^^^ 

£ Ine niiCTOderironic programmable structure of claim 2, \Vherein the buffer 
layer corpses a material selected from the group consisting of AgA Ag^ Ag^Se, Ag*te, 
ivhere x * 2, Agyl, where y * 1, Ciifc, CuO, CuS, CuSe, Cute, GeCb, and SKfe. 

15 

4. The microelectronic programmable structure of claim 1, wherein the 
^different electrode comprises platinum. 

5. The micfc^lectronic programmabie structure of claim 1, wherein the 
2t> oxicuzable electr ode comprises a material sdeded from the grotro consisting of a transition 

metal sulfide and a transition metal selenide. 

6. The microelectronic programmable structure of claim 5, wherein the 
;6;ridi2able dc^lrode further comprises intercalated silver. 

c frs':\, ■ :\ : ; .v /■•*■ % ■■ • 

7; the ;&c4o^6ctrOnic prbgraihmable stroctute of claim 5, wherein the 
oxichzable dectrode comprises TaS2. 

8. The rnicroelectronic programmable structure of claim 1, wherein the 
30 oxidizable electrode comprises Agl. 

9. The microelectronic programmable structure of claim 8, wherein the 
oxidizable electrode comprises excess silver. 
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10. The jmicr6dectfbnic programmable structure of claim .1, wherein tie ion 
cbxiihittbr Comprises a solid solution selected from the group consisting of AsA-x-Ag, 
Ge^Sei^Ag, Ge^.^ Ag, As^-Cu, Ge.Sei^Cu, Ge^r-Co, where x ranges from about 
5 0.1 toabolitO.5. 

.11. The rjoticroelectronic programmable structure of claim 10, wherein the ion 
conductor ri>rfmr^ a filte 

10 12. Hie rriicroeleetroiiic programmable structure of dairh 1 1, wherein the filler 

material comprises a dielectric and is present in the Km conductor at a volume percent of up 
to abcfct 50 percent. 

13. The microelectronic programmable structure of claim 11, wherein the filler 
1 5 material comprises a dielectric and is present in the ion conductor at a volume percent of up 

to abont 5 percent 

14. The rnicroelectrdmc programmable structure of claim 11, wherein the filler 
material comprises silver. 

20 

15. The rmcroeJectfonic programmable structure of claim 1, wherein the ion 
conductor comprises a glass having a composition of GeonSe&.ga to GeagSeoiTs* 

16. The rmtfodectronie programmable structure of claim 15, wherein the ion 

17. The micrc^lectronic programmable structure of claim 1, further comprising a 
transistor in contact with one of ti^ oxidizable or the indirTerent electrodes. 

3 0 18. The microelectr onic programmable structure of claim 1 , further comprising a 

diode in contact with one of tie oxidizable or the mdiftererit electrodes. 
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19^ The n^croelecfronic programmable structure of claim 1, therein the ion 
conducWisfortoedv^r^ 

20. Th0 microphonic programmable structure of claim 19, further comprismg 
a diode formed Within the via. 

21. The microelectronic programmable structure df claim 19, wherein the ion 
conductor contacts the indifferent electrode about a portion of the perimeter of the ion 
conductor. 

22. The microelectronic programmable structure of claim 21, wherein the ion 
conductor contacts the indifferent electrode about a sloped portion df the perimeter of the ion 
conductor. 

23. The microdectronit programmable structure Of claim 1, wherein the 
indifferent electrode, the oxidizable electrode, and the ion Conductor are formed on a surface 
of an insulating material lay er. 

24. The microelectronic programmable structure of claim 1, wherein the ion 
conductor is formed withm a via of a first insulating material layer, and wherein the 
proj^ainmable structure further comprises a second insulating material formed within the 
via. 

25. The inicroelectronie programmable structure of claim i, Wherein the ion 
conductor is ^ formeil along a sidewall 6f a via formed within an insulating layer. 

26. the microelectronic programmable structure of claim 1, wherein the ion 
conductor is formed within a sloped via within an insulating material layer. 

2i. The microelectronic programmable structure of claim 1, further comprising a 
barrier layer between the ^different electrode and the ion conductor. 
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28. The nntf odecforric programmable stocrore of daim 27, wherein the barrier 
layer com|>rises a conductrve material. 

29. the microelectronic programmable structure of claim 27, wherein the barrier 
layer comprises an insuJatiiig material 

30. The rmcroelectronic programmable structure of claim 1, -wherein surface area 
of the ^different electrode in contact with the ion conductor is less than the surface area of 
the oxidizable electrode in contact with the ion conductor. 

31. The microdectronic programmable structure of claim 1, wherein an interface 
betwfeen the indifferent electrode and the ion conductor is roughened. 

32. A multi-cell prograrnmable nricro^ * 
a first electrode of a first type; 

a second electrode of a second type; 

a first ion conductive material of a first resistance interposed between the first 
electrode and the second electrode; 

a third electrode of a first type; and 

a second ion conductive material of a second resistance interposed between 
the Second electrode and the third electrode; 

.33. The JtiuJti-celi prograrnmable microelectronic device of claim 32, wherein the 
first and third .deeGT6ded comprise an iridifferent electrode material and the second electrode 

coft^^ 

34; The riiuhi-c^ progran^ 
first and third electrodes comprise an oxidizable electrode rnaterial and the second electrode 
comprises an indifferent electrode material 

A multi-cell programmable microelectronic device comprising: 
a plurality of electrodes of a first type; 
a plurality of electrodes of a second type; and 
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apliraliry ofion cono^ 
iofl c6jQcfoctoT structures is interposed between one of the plurality of electrodes of a first 
type kid one of the plurality of electrodes ofa second type, and 

wherein a plurality of electrodes of a first type are electrically coupled 



36. The multi-cell programmable micr oelectronic device of claim 35, wherein the 
pluraiay ofdectrodes df a first type comprise oxidfeable electrode material 

10 37; the moltHcell programmable microelectronic device of claim 35, wherein the 

phirality Of electrodes 6f a first type ^ 

38. The multi-ceil programmable microelectronic device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are formed within a via within an 
15 insulating material layer. 



39. lie multi-cell programmable microelectronic device of claim 35, Wherein at 
least a portion of the plurality of ion conductor structures are formed on a surface of an 
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40. A method of forming a programmable microelectronic structure, the method 
comjj^sing the steps of. 

providing a substrate; 
forriungalayerofde^ 

25 forming an insulating layer overlying the lafer of decrrode material of a first 

:] . p*>'' " ■ \ ; ; : ; 

-S&tmibK a^i&'tlird«igli ihe SbnMbiiii^' Ja^ Aid' ^ layte 'of cJeclvpde jodbIcs&I 

Ofa&sttype; 

depositing ion conductor material into the via; and 
3<> forming an electrode of a second type overlying the ion conductor material 



41. The method of claim 40, wherein the step of forming a via includes 
isotropically etching the insulating layer. 
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41 The method of claim 40, therein the step of forming a via mchides 



5 43. the method of claim 40, therein the step of forming a via includes 



44. Tne method of claim 40, wherein the step of forming a via includes 
atn^tropicalfy etching the layer of electrode material of a first type. 



45. 



ing a bias across 



the decode material of the first type and the electrode material of the second type to 
Manipulate a concentration of conductive material in the ion conductor. 

46. TheinetlHrto™ 
the electrode material of the first type and the electrode material of the second type to 

in one of the electrode material of the 



47. The method of claim 40, wherein the step of depositing ion conductor 

i onto a surface and reacting the germanium with 



! ! 



m. 



48. The inetliod of claim 40, herein the step of depositing ion conductor 

!fl t i*rt"tkti ri A firm : V .^L, * 

• p aepositmg arsenic onto a surface and reacting the arsenic with JfeSe. 

49. The method of daim 40, wherein the step of debating ion conductor 
germanium onto a surface and reacting the germanium with 



50. the method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing arsenic onto a surface and reacting the arsenic with J^S. 
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51. A method of forming a programmable microelecfrbnic device, lie method 



an electrode material layer overlying the ion conductor structure; 

yer to form electrodes in contact with the 



aifij 

ion conductor before. 



52/ The method of claim 51, wherein the step of forming an ion conductor 

i onto a i 



ifcSe. 



of: 



53. A method of forming an electronic device, the method comprising the steps 
forrnjngarirstd 

depositing a first insulating layer over a surface of a the fust electrode; 
forming a via in the first insulating layer; 
depositing a second insulating material within a portion of the via; 
depositing ion conductor material twthin a portion of the via; and 
forming a secbhd electrode overlying the ion conductor. 



54. Thfc method of forming an electronic device of claim 53, wherein the step of 
depositing ion cohductbr material comprises the step of deposing the ion conductor material 



an electrbnip device of cJaimi 55, wherein the step of 
ing a directional deposition technique. 



56. the method of forming an electronic device of claim 53, wherein the step of 
depositing an ion conmactor material comprises forming a conformal layer of ion conductor 
material. 
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St. TThe method of forming ab dectrbmc device of claim 53, further comprising 
the step of rcnaovrng a pcMdh of the ioii conductor material from a surface of the first 
to&Jating ipateaial 



St. A meth6d of forming a mult^cell programmabJe device, the method 
fie st eps of. . 

forming a first electrode 6& a surface of a substrate; 

forming a first ion conductor portion overlying the first electrode; 

fanning a second electrode overlying the first ion conductor potion; 

forming a sefcdnd ion conductor portion overlying the second electrode; and 

59. A meihod of forming a glass composition, the method comprising the steps 

6t 

J 5 selecting an ampoule; 

cleaning the ampoule using hydrofluoric acid; 

drying the anmouie for about 24 to about 120 hours at about 120 °C; 



heatmg the ampoule until the ampoule turns red; 
2fi filling the ampoule with a charge; 

heatirfg the ampoule to a temperature below the melting temperature of the 
glass conkfaients; 

j ramping the ten^erature at a rate of about 0.5 degrees per minute to a 

temperature about 50 6 C higher than the liquidus temperature of the glass; and 
* r ; y the g*as> cd&l^sftibn at a rate of about 20 per minute for a 
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